ures 3f,g, respectively), although wtPrP was rapidly endocytosed at this higher concentration of copper ( Figure 3e ). The lack of the internalization of the PrP⌬oct construct clearly shows for the first time that the octarepeats are
Results and discussion
essential for the copper-stimulated endocytosis of PrP and Although the binding of copper to peptides corresponding that although Cu 2ϩ may bind to other sites in the protein to the octarepeat region of mammalian PrP has been ex- [9] , these binding sites are not critical for this cellular tensively studied by biophysical methods and shown to response. occur primarily via the histidine residues [3, 4], an understanding of how relevant copper binding is to the function of mammalian PrP C is lacking. To investigate the effect Spectroscopic studies with single-and multioctarepeat- Wild-type and mutant PrP constructs are expressed on the surface of the SH-SY5Y cells. SH-SY5Y cells were stably transfected with wild-type or mutant PrP cDNA constructs as described [19, 20] , and pooled clones were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and 50 U/ml penicillinstreptomycin. (a) SH-SY5Y cells stably expressing either wtPrP (wt), H68/76G (H/G), PrP⌬oct (⌬oct), or PG14 were washed twice with phosphate-buffered saline (PBS) and then scraped into PBS. Following centrifugation at 100 ϫ g for 3 min, the cell pellet was A schematic of the prion protein constructs. Wild-type murine PrP resuspended in lysis buffer (10 mM Tris/HCl [pH 7.8], 0.1 M NaCl, (wtPrP) contains an N-terminal 22 amino acid signal sequence 10 mM EDTA, 0.5% (v/v) Nonidet P-40, 0.5% (w/v) sodium (diagonally hatched box), two N-linked glycosylation sites (N180 and deoxycholate, protease inhibitor cocktail [Sigma] ) and incubated at N196, lollipops), and a C-terminal 24 amino acid sequence room temperature for 30 min. The resulting lysates were clarified by (checkered box), which is replaced posttranslationally by a glycosylcentrifugation at 13000 ϫ g for 5 min. PrP in the cell lysates was phosphatidylinositol moiety. The one incomplete (PQGGTWGQ, detected following SDS-PAGE and transfer to poly(vinylidene no.1) and four complete (PHGG(G/S)WGQ, nos. 2-5) octarepeats difluoride) (PVDF) membranes with antibody 3F4 [18] as described (residues 58-90) are indicated. PrP⌬oct lacks all five octarepeats previously [19, 20] . (b) Cells were incubated for 30 min at 4ЊC in (residues 51-90). In H68/76G, the histidines in the central two Opti-MEM containing 0.5 mg/ml Biotin-X-NHS. Cells were then octarepeats (nos. 3 and 4) are mutated to glycines. cDNAs encoding washed twice at 4ЊC in PBS containing 50 mM glycine and lysed in PrP⌬oct and H68/76G were constructed by oligonucleotide-directed lysis buffer. PrP constructs were immunoprecipitated from the cell mutagenesis using the Stratagene Quick Change Mutagenesis Kit.
lysate with antibody 3F4, resolved by SDS-PAGE, transferred to a The mutants generated were confirmed by DNA sequencing and PVDF membrane, and probed with streptavidin-conjugated horsesubcloned into the mammalian expression vector pIRESneo radish peroxidase. (Clonetech). PG14 has an additional nine copies of the octarepeat [14, 15] . The cDNA encoding PG14 was obtained from Dr. D. A. Harris and subcloned into pIRESneo. wtPrP and all the constructs contain methionine residues substituted at L108 and V111, which allow the proteins to be recognized by the monoclonal antibody structure composed of four metal ions and four bridging 3F4 [18] .
imidazolate ions [4, 9] . With such cooperative binding between the four octarepeats and the four Cu 2ϩ ions, mutation of His68 and His76 would have a dramatic effect on copper binding, as evidenced by the complete block containing peptides suggested that at a pH above 7, each of the endocytosis in this mutant form of PrP (Figures octarepeat independently binds a Cu 2ϩ ion [3, 10]. Since 3c,g). The implication from these observations is that an alteration in copper-stimulated endocytosis of PrP aldisruption of one or more octarepeats drastically compromost certainly reflects an alteration in copper binding mises the endocytosis of PrP and thus perturbs the normal to the octarepeats, our data with glycosylated, glycosylcellular function of the protein, possibly explaining why phosphatidylinositol-anchored forms of mammalian PrP C deletions of one or more octarepeats can give rise to prion expressed in a neuronal cell line would suggest that the disease [11]. octarepeats do not independently bind a single Cu 2ϩ ion. If this were the case, mutation of H68 and H76 would be expected to lead to a form of PrP that could still bind Since several forms of familial prion disease are due to the insertion of extra copies of the octarepeat [6, 12, 13], two Cu 2ϩ ions via the intact octarepeats and therefore undergo copper-mediated endocytosis, albeit possibly at we investigated the effect of additional octarepeats on the copper-mediated endocytosis of PrP, reasoning that a reduced level. Rather, our data implies that PrP cooperatively binds the Cu 2ϩ ions. This would be consistent with with extra copper binding capability, such forms of the protein may be more sensitive to copper-mediated endothe model proposed from studies with a variety of peptide fragments that showed that at just above pH 7, the octarecytosis. For this purpose, we used PG14, a construct of murine PrP that contains an additional nine octarepeats peats cooperatively bind the Cu 2ϩ ions through a ring-like ( Figure 1 ) associated with familial human prion disease copper-induced endocytosis of the protein merits further [14, 15] . This construct, like wtPrP, was expressed on the investigation. surface of the SH-SY5Y cells as a variably glycosylated protein (Figures 2a,b) . Surprisingly though, when cells expressing PG14 were incubated with 100 M or 1000 M CuSO 4 , there was no evidence for the endocytosis of this PrP may not truly reflect the in vivo interactions between not other disease-associated mutations in PrP perturb the
